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uniform projection equations are derived for both cone-beam and pinhole imaging geometry. Complete
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The cost function is structured as the least-squares about residual error. The implementation of nonlinear
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detached systems for multi-modality image fusion. We designed a general-purpose point object/sources
phantom for both geometric calibration and image registration procedures. To validate the method
presented, we performed small animal experiment studies based on our Micro-SPECT and Micro-CT
systems. The results from the imaging experiments show that the unified estimation method is
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Unified Geometric Calibration and Image
Registration for Detached Small Animal SPECT/CT
Xuezhu Zhang, Student Member, IEEE, Fangfu Chen, Yongping Li, Member, IEEE,
Qin Wei, Hualin Zhang, and Yujin Qi, Member, IEEE
Abstract–The aim of this study is to develop a unified
optimization method to estimate the complete parameters about
geometric calibration of system misalignment for both conebeam CT and pinhole SPECT, and parameters about coordinate
transformation of image registration for these detached systems.
The uniform projection equations are derived for both conebeam and pinhole imaging geometry. Complete geometric
parameters are estimated by point object phantom with a priori
relative position information. The cost function is structured as
the least-squares about residual error. The implementation of
nonlinear estimation utilizes the Powell method so as to constrain
the optimization problem of this study to converge to the unique
solution. The registration procedure is also implemented by the
nonlinear optimization method similar to the geometric
calibration, and six parameters are sufficient to register the
detached systems for multi-modality image fusion. We designed a
general-purpose point object/sources phantom for both
geometric calibration and image registration procedures. To
validate the method presented, we performed small animal
experiment studies based on our Micro-SPECT and Micro-CT
systems. The results from the imaging experiments show that the
unified estimation method is considerable effective and robust for
detached multi-modality Micro-SPECT/CT systems.

I. INTRODUCTION
Micro-CT and Micro-SPECT have become
Inmorerecentandyears
more important in pre-clinical molecular imaging
for medicine and biology studies. To improve image quality,
achieve accurate quantitative image reconstruction, the refined
geometric calibration of system misalignment is fairly
important for high-resolution cone-beam CT and pinhole
SPECT imaging. To take full advantage of these two
modalities, integrated small animal SPECT/CT systems could
simultaneously provide both the anatomical and functional
information in vivo.
However, the most small animal CT and SPECT systems
are developed separately and not combined into one integrated
gantry. The registration of these two detached modalities has
not been studied before. In this study, we develop a unified
mathematical optimization method to estimate the complete
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geometric parameters of both cone-beam CT and pinhole
SPECT, and register these detached systems for multimodality image fusion. The derivations of uniform projection
operators are presented first. Then the analysis and
implementation of nonlinear estimation for geometric
calibration and image registration are discussed. The
performances are evaluated with point object/sources phantom
and small animal imaging experiments based on our MicroSPECT and Micro-CT systems.
II. METHODS
The geometric calibration of cone-beam CT and pinhole
SPECT have been extensively studied by analytical
calculation or estimation methods [1-2]. Those methods have
fine accuracy but the prerequisite is usually assuming one or
two parameters are true values which need precise alignment.
Complete parameters of geometric calibration for singlepinhole SPECT have been studied in [3-4]. The theoretical
sufficient condition to estimate the unique solution with a
general scheme was presented in [5-6]. In this Section, we
analyze and implement a consistent optimization method to
estimate both the complete geometric parameters and the
registration parameters for detached cone-beam CT and
pinhole SPECT imaging systems.
A. Projection Operators of Cone-Beam CT and Pinhole
SPECT Imaging Geometry
As shown in Fig.1, Oxyz and Oxyz denote the
detector Cartesian coordinate system and the object Cartesian
coordinate system respectively. Given that the systems are
stationary, especially the axis of rotation (AOR) is not
wobbled and the imaging object rotates across accurate
equiangular interval, there are 7 geometric parameters to be
estimated for single-pinhole SPECT or cone-beam CT: the
tilted angle , the screwed angle , the origin coordinate
O(xc, yc, zc) of the object reference system, the coordinate of
either the center of pinhole collimator of SPECT (xs, ys, zs) or
the X-ray focal spot of CT (xp, yp, zp), the difference between
SPECT and CT is to constrain the coordinate of focal position
at xp< xc and xs> xc. The sign  denotes the projection angle of
rotated object. ,  and  are all assumed as clock-wise.
The coordinate transformation from the object reference
system to the detector imaging reference system relates to two
angle rotations ( and ) and one translation (xc, yc, zc)
(choosing zc=0 and Oy// zOy with reason). The projection
equations of cone-beam or pinhole imaging geometry are
derived and presented in formula (1)-(5), in which (x, y, z)
and (x, y, z) denote the coordinates of the point in the object
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xc  x''' cos T cos D  y ''' sin T cos D  z ''' sin D

(1)

y

yc  x''' ( cos T sin D sin E - sin T cos E )  y ''' ( sin T sin D sin E  cos T cos E ) - z ''' cos D sin E

(2)

z

zc  x ''' ( cos T sin D cos E  sin T sin E )  y ''' ( cos T sin E  sin T sin D cos E ) - z ''' cos D cos E

(3)

reference system and detector imaging reference system
respectively, and (xd, yd, zd) denotes the projection coordinate
of the point object in the detector plane where xd = 0.
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Fig. 1. The reference frame about the transformation from the object
coordinate system to the detector imaging coordinate system of cone-beam CT
or pinhole SPECT.
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C. Registration of Detached Cone-Beam CT and Pinhole
SPECT Imaging Systems
As shown in Fig.2, Oxyz and Ouvw denote the
imaging Cartesian coordinate systems in the pinhole SPECT
and the cone-beam CT respectively. In the above section, we
could estimate the coordinates of 3 point objects through
geometric calibration procedure for each imaging systems. To
register these detached systems, there are 6 parameters for
coordinate transformation to be estimated: the tilted angle , 
and , the origin O coordinate of one reference system in the
other reference system (xt, yt, zt). P1, P2, P3 represent 3 point
objects of the calibration and registration phantom, usually
called the fiducial markers. We prove that 3 points phantom is
sufficient to estimate these 6 parameters and register the
detached systems for multi-modality image fusion.
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B. Nonlinear Optimization for Geometric Calibration
The majority of geometric calibration methods usually
assume one or two parameters are true values which require
high precise alignment. To estimate the complete 7 geometric
parameters (, , xc, yc, xs, ys, zs,) for cone-beam CT or (, , xc,
yc, xp, yp, zp,) for single-pinhole SPECT by mathematical
nonlinear optimization method, at least three point object (or
sources) phantom with a priori information of relative point
position is necessary and sufficient to estimate the unique
solution with a general scheme [3-6].
The implementation of geometric calibration in this study is
related to nonlinear iterative estimation. The cost function F is
structured as the least-squares about residual error [Expression
(6)], in which m is the projection view (m=1, 2,…, M), n is the
nth point object (n=1,2,3), (yimg, zimg) and (yest, zest) represent
the experimental values and estimated values of the projection
coordinate of the point object respectively. A priori
knowledge such as the known distance of each point is preset
to constrain the optimization procedure to converge to the
unique solution. If the prior information about the known
distance of each point is not precise enough, then we need a
second term added into the cost function of formula (31) in
reference [3]. The term is constructed as a weight coefficient
W multiplied by the sum of least-squares about residual error
between the known and estimated distance of each point. In
this study, we choose the Powell algorithm for the nonlinear
minimization [7]. The initial estimates should be chosen at the
stable zone so as to converge to the global minimum.
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Fig. 2. The registration is the coordinate transformation from the imaging
reference system of cone-beam CT to the imaging reference system of pinhole
SPECT with 3 point objects phantom (or from SPECT to CT as well).
Oxyz and Ouvw denote the imaging Cartesian coordinate systems
in the pinhole SPECT and the cone-beam CT respectively.

Then the registration procedure is converted into estimate
the 6 geometric parameters (, , , xt, yt, zt) using three point
objects phantom P1-P2-P3 with the known (reconstructed)
coordinates of point position in these two imaging systems
after performed the above geometric calibration. The
coordinate transformation of image registration is similar to
the derivation of the formula (1)-(3) in Section II-A, in which
(xc, yc, zc) is substituted by (xt, yt, zt).
We implement the registration procedure also by nonlinear
optimization method as discussed above. The cost function is
structured as the least-squares about residual error between the
coordinates of corresponding point object in the detached
imaging systems [Expression (7)], in which n is the nth point
object (n=1,2,3), (xcal, ycal, zcal) and (xest, yest, zest) are the
reconstructed (after calibration) and estimated coordinates of
the corresponding point object of one reference system in the
other system (supposing that the registration from CT to
SPECT, or as versa). The coordinate of the reconstructed
position about three point objects phantom P1-P2-P3 from the
foregone geometric calibration is sufficient to constrain the
optimization procedure to converge to the unique solution.
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III. EXPERIMENTS AND RESULTS
The detached stationary Micro-CT and Micro-SPECT
systems were developed respectively in our lab, which consist
of modular high resolution CMOS flat panel detector with
micro-focal X-ray tube, and mini gamma camera with
pixellated scintillation crystal coupled to Hamamatsu R3292
PSPMT and keel-edge pinhole collimator, both systems are
vertical object rotation mechanism, shown in Fig 3. The focal
length is about 100 mm for pinhole SPECT and 480mm for
cone-beam CT. The rotary stage was mounted on a linear
horizontal and vertical translation stage to provide both the
circular and helical pinhole SPECT.
We have designed a set of practical general-purpose
phantoms for geometric calibration and image registration,
which are the plastic flat panel point object holders
manufactured finely in a fixed distance to hold either
approximate 0.5mm mini spherical objects such as high
density material for CT or high condensed solution resin for
SPECT, shown in Fig.4. The schematic of simultaneous Xray imaging about mouse and six mini steel balls attached in
the phantom is shown in Fig.5. We should consider and void
reconstructed metal artifacts induced by high density
materials when carrying out the small animal X-ray imaging.
To validate the method which we have presented in
Section-II, we performed small animal imaging experiments
based on our Micro-SPECT and Micro-CT systems. To
provide whole-body small animal imaging, we implemented
helical pinhole SPECT using 0.7 mm pinhole aperture to scan
a ~25g normal mouse injected with ~1mCi 99mTc-MDP for
bone imaging. The projection data were acquired with 180
angles over 720o and 30 seconds per view, and the helical
pitch is 0.5mm, shown in Fig.6 (a). The bin size of gamma
detector is 1.4mm and the effective projection dimension is
70*70 bins. After the SPECT imaging, the same mouse was
further performed by our Micro-CT system with 2*2 mode in
which the dimension of the projection image is 1120*1172
bins and the size of each bin is 0.1 mm, and 360 views over
360o. The calibration procedure using external fiducial
markers was performed simultaneously while the mouse
imaging: 0.5mm steel spherical balls for cone-beam CT and
0.5mm ion-exchange resin soaked by condensed 99mTc
solutions for pinhole SPECT. Then the geometric calibration
and image registration were respectively implemented by our
proposed method. TABLE I shows the estimation result of
geometric parameters of Micro-CT. Except xc and xp must be
initialized as a reasonable imaging relation, the initial values
of other parameters to be estimated could be initialized as
zero. The estimation about pinhole SPECT parameters is
similar. After we have obtained the estimated geometric
parameters, we performed dedicated fully 3D image
reconstruction for CT by Feldkamp algorithm, and SPECT by
helical pinhole OS-EM algorithm with 10 subsets and 5
iterations which were both developed for. Fig.6(b) and Fig.7
respectively shows the reconstruction results about helical
pinhole SPECT and cone-beam CT. We see that when the
procedure under a precise geometric parameters of system
coordinate, the image reconstruction provide terrific
quantitative results for multi-modality small animal imaging.

(b)
(a)
Fig. 3. (a) Micro-SPECT imaging system based on modular mini gamma
camera using a pixellated Na(Tl) crystal array and a 5” Hamamatsu
R3292 PSPMT (b) Micro-CT imaging system based on a high resolution
CMOS flat panel detector and micro-focal X-ray tube. Both were
developed in SINAP, CAS.

(b)
(a)
Fig. 4. General-purpose point object/sources phantom for geometric
calibration and image registration. (a) The design sketch of the phantom.
(b) The practical phantom for imaging systems, which could hold either
0.5mm steel balls for cone-beam CT or spherical resins soaked by
condensed radioactive solutions for pinhole SPECT.

Fig. 5. Small animal cone-beam X-ray imaging. One projection image of
the mouse with external fiducial markers.
TABLE I.
ESTIMATION OF GEOMETRIC PARAMETERS OF CONE-BEAM CT




xc

yc

xp

yP

ZP

INITIAL
0
0
90
0
500
0
0
FINAL -0.012
0.002 107.53
0.83
485.75 11.72 -23.33
The unit of  &  is radian, others is mm. INITIAL, and FINAL denote the initial
values and final estimated values of geometric parameters respectively.
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(a)

(a)

(b)

(c)

(d)

(b)

Fig. 6. Small animal helical pinhole SPECT imaging. (a) A series of
projection image. (b) The reconstruction results about the sagittal slices.

IV. SUMMARY AND CONCLUSION
We have developed a unified optimization method to
estimate complete parameters for geometric calibration and
image registration of detached cone-beam CT and pinhole
SPECT systems. The uniform projection equations are derived
for both cone-beam and pinhole imaging geometry. Complete
parameters could be estimated by point object (or sources)
phantom with a priori knowledge. The configuration on point
phantom of calibration and registration is designed to
constrain the optimization problem to converge to the unique
solution. The cost function is structured as the least-squares
about residual error. The implementation of nonlinear
estimation chooses the Powell method. The performances with
point object (or sources) phantom were evaluated by small
animal imaging experiment studies based on our detached
Micro-SPECT and Micro-CT systems. The reconstruction
results show that this unified estimation method provides
quantitative requirement for small animal imaging. The
validity of this method is effective and robust for multimodality Micro-SPECT/CT systems.

Fig. 7. Small animal imaging of cone-beam CT. (a)-(c) The results of
coronal, sagittal, and trans-axial reconstructed image respectively. (d)
3D volume rendering about the mouse bone structure.

REFERENCES
[1]

[2]

[3]

[4]

[5]

ACKNOWLEDGMENT

[6]

The authors would like to thank Prof. B. M. W. Tsui for his
invaluable comments about the choice of optimization
methods for this document.

[7]

3321

G. T. Gullberg, B. M. W. Tsui, C. R. Crawford, J. G. Ballard, and J. T.
Hagius, "Estimation of geometrical parameters and collimator evaluation
for con beam tomography," Med. Phys, vol. 17, no. 2, pp. 264-272, 1990.
F. Noo, R. Clackdoyle, C. Mennessier, T. A.White, and T. J. Roney,
“Analytic method based on identification of ellipse parameters for
scanner calibration in cone-beam tomography,” Phys. Med. Biol., vol. 45,
pp.3489–3508, 2000.
D. Bequé, J. Nuyts, G. Bormans, P. Suetens, and P. Dupont,
"Characterization of pinhole SPECT acquisition geometry," IEEE Trans.
Med. Imag., vol. 22, no. 5, pp. 599-612, 2003.
D. Bequé, J. Nuyts, P. Suetens, and G. Bormans, “Optimization of
geometric calibration in pinhole SPECT,” IEEE Trans. Med.Imag., vol.
24, no. 2, pp. 180–190, May.2005
Yuchuan Wang,, " Development and application of high-sensitivity and
high-resolution fully 3D SPECT imaging techniques using two different
collimator designs," Ph.D. dissertation, The University of North
Carolina at Chapel Hill, 2004.
Y. Wang, and B. M. W. Tsui, "Pinhole SPECT with different data
acquisition geometries: usefulness of unified projection operators in
homogeneous coordinates," IEEE Trans. Med. Imag., vol. 26, no. 3, pp.
298-308, 2007.
W. H. Press, et al. Numerical Recipes in C: The Art of Scientific
Computing, 2nd ed. Cambridge, U.K.: Cambridge Univ. Press, pp. 412–
420, 1992.

